Stereocomplex helical peptides self-assembled into monolayers of more vertical orientation with a narrower distribution than enantiopure peptides based on second-harmonic generation studies.
Introduction
Helical peptides have been reported to form densely packed self-assembled monolayers (SAMs) with vertical orientation on gold surface. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] Most of the helical peptide-SAMs fabricated so far were generally prepared by using a right-handed helix. Recently Ueda et al. showed that a mixture of a right-handed helix and a left-handed helix formed a sheet self-assembly in a buffer solution, where a right-handed helix and a left-handed helix were aligned side-by-side with perpendicular orientation against the sheet surface. Electron diffraction from the sheet clearly showed the helices took a crystalline structure of a square lattice due to stereocomplex formation. 12, 13 This finding prompted us to prepare a helix-SAM with using a mixture of a right-handed helix and a left-handed helix.
Usually helix-SAMs are characterized by molecular tilt angles from the surface normal, which are analyzed by FTIR reflection absorption spectroscopy (RAS). [14] [15] [16] [17] However, the tilt angle obtained from RAS reflects the average value of the SAM with no information on distribution of the tilt angle. In this article, in order to obtain deeper insights on the molecular alignment in the helix-SAMs, we adopted second-harmonic generation (SHG) as a main characterization technique.
Since SHG is surface specific, it has rapidly developed to be a major measurement technique for characterizing organic layers. 18, 19 Owing to some formulas on relationship between the molecular orientation in a membrane and SHG intensity, we can now precisely determine the orientation with its distribution. Taking assumptions of C ∞v and predominant hyperpolarizability of β z′z′z′ about a chromophore in a SAM, non-vanishing components of second-order sensitivity of a SAM χ are related with β z′z′z′ as eqs (1) and (2),
where N s and θ represent surface density and tilt angle from surface normal, respectively. χ components depend on mean values of cos 3 θ and cos θ, suggesting that information on distribution of θ can be obtained by SHG measurements.
We designed compounds L17 and D17 (Figure 1 ). These compounds are linear conjugates of a D-π-A moiety with a high β value and a helical peptide. The D-π-A moiety is a diphenylacetylene having a diethylamine group as an electron donor and a nitro group as an electron acceptor at the both ends. The β z′z′z′ is the component along the direction of the long axis.
The peptide moiety is composed of 17 amino acids. Alternating sequence of D-alanine (D-Ala) and α-aminoisobutyric acid (Aib) was adopted for D17. L-Alanine (L-Ala) instead of D-Ala was used for L17. This sequence is known to take a stable α-helical structure, which is essential for formation of well-packed and oriented SAMs. The D-π-A moiety was connected on the C-terminal of the peptide moiety through amide linkage at the ortho position of the diethylamino group. p-Formylbenzoic acid was introduced at the N-terminal of the peptide moiety as a linker to the fused quartz substrate covered with 3-aminopropyl trimethoxysilane. Right-and left-handed helical peptides without the D-π-A moiety, LA16 and DA16, respectively, are also synthesized.
Five types of SAMs, D17/L17-SAM, D17-SAM, L17-SAM, D17/LA16-SAM, and L17/DA16-SAM were prepared on fused quartz substrates. On the basis of analysis of SHG from these SAMs, structural differences (molecular density, θ, and distribution of θ) of their SAMs are discussed.
Experimental
Materials. D17 and L17 were synthesized according to Scheme S1 (see the supporting information) according to the conventional liquid-phase method. The purity of the final products was confirmed by HPLC (COSMOSIL 5C 18 -AR-300 for D17 and L17, and COSMOSIL Cholester for DA16 and LA16). The D-π-A moiety was synthesized by the Sonogashira coupling.
Tetrahydrofuran was used after distillation over calcium hydrate. The other reagents were used as purchased. All products were identified by 1 H NMR spectroscopy (Bruker DPX-400). shows two peaks of negative Cotton effects at 208 and 224 nm, which are typical for a right-handed α-helical structure. 22, 23 The molar ellipticity of the peak was ca. 2.0 × 10 4 , which is agreeable with those of (Ala-Aib) 8 and (Leu-Aib) 8 reported previously. 24, 25 The spectrum of D17 is a mirror image exactly of that of L17 as expected, showing that D17 takes a left-handed α-helical structure.
Induced   p p  1
where A zzz = sin ϕ out sin 2 ϕ in , A xzx = cos ϕ out sin ϕ in cos ϕ in , A zxx = sin ϕ out cos 2 ϕ in , n air sin ϕ in = n silica sin ϕ out , n air = 1, n silica = 1.5, χ q is the second-order susceptibility of the Y-cut quartz (=0.6 pm/V), and 
26,27
Relative intensity of the SHG signal. SHG intensities of all the SAMs were recorded under the p-p setup (I(2ω) p-p , Table 1 In the present system, the quartz substrate is used, which cannot be subjected to the FT-IR reflection absorption spectroscopy to obtain information of the tilt angle of the helix from the surface normal.
On the basis of our experience, however, the tilt angle of helices became smaller with mixing a helical peptide with the opposite helical sense, supporting this explanation.
Another factor contributing to the second-order susceptibility of a SAM can be the local field factor f. f is generally described by the Lorentz-Lorenz correction, f = (n 2 + 2)/3, where n is the refractive index at the optical frequency. The correction, however, presumes a crystal structure, which is not the case of the SAMs. We thus omitted this factor in eq. (3).
Molecular orientation and its distribution. SHG measurements were conducted to obtain information on θ and σ using an incident light of 560 nm. Under the assumptions of the C ∞v symmetry of the D-π-A moiety and β z′z′z′ as the major nonlinear optical molecular polarizability, the ratio of SHG signals can be expressed as
thus dependent on θ and its distribution σ. Indeed, Figure 5a shows the calculated curves of eq. (4) with different σ (σ = 0.01-0.5 rad), showing that the ratio monotonically increases as θ increases, and decreases as σ increases. Figure 5b shows calculated SHG intensity of eq. (3) Table   1 , the experimental result can be well explained by the calculation under these assumptions. On the other hand, when we assume the same σ value of 0.2 for all the SAMs, θ is estimated to be 41°
for all the SAMs, and the relative molecular densities should be 0.68 and 0.51 for D17-SAM and L17-SAM, respectively. However, the density of 0.51 is too sparse to form the helical SAMs with θ of 41°. The stereomixed SAMs therefore should be composed of more vertically oriented helices with smaller θ and σ than those of the enatiopure SAMs, even though the σ values used here do not have quantitative accuracy.
The above conclusion is supported by the observation of the stereomixed helical membrane recently reported by Ueda et al. 12, 13 They prepared a sheet-shaped molecular assembly from a mixture of right-handed and left-handed helices in the hydrophobic blocks of amphiphilic peptides.
TEM observation clearly showed a square lattice arrangement of the helices in the sheet-shaped membrane, whilst the enantiopure membrane was less ordered. Taken together, a mixture of right-handed and left-handed helices has a strong tendency to form a well ordered structure with stacking side-by-side to be a checkered pattern.
Conclusion
Novel linear conjugates of helical peptides and a D-π-A chromophore, D17, and L17, were (a) the value of D17/L17-SAM is set to be 100; (b) calculation of eq. (4) (shown in Figure   5a ) with the assumption of σ; (c) products of the term |(A zzz χ zzz + A zzz χ zzz + A zzz χ zxx )| 2 in eq. (3) (shown in Figure 5b) and N s assumed. Normalized to the value of D17/L17. 
